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(57) ABSTRACT 

Optical devices and methods for attenuating, shuttering, or 
switching optical signals as found in telecommunications. A 
platform carrying a portion of a waveguide and residing in 
a plane of a substrate is tipped, tilted, twisted, or otherwise 
moved out of the plane of the substrate to divert the path of 
an optical signal or to change coupling between adjacent 
waveguides. The platform can be formed by etching a 
substrate while leaving one or more connection points 
between the platform and the substrate to hold the platform 
to the substrate. 
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MICRO-MECHANICAL WAVEGUIDE OPTICAL 
DEVICES 

TECHNICAL FIELD 

[0001] This invention relates generally to optical devices 
such as optical sWitches and dynamically programmable 
attenuators. In particular, the invention provides implemen 
tations for switching optical signals among optical 
Waveguides by means of micro-mechanical displacement of 
structures. Application of the invention facilitates mechani 
cal optical sWitches in an integrated photonic circuit. The 
sWitches of this invention may be monostable Wherein the 
sWitch alWays assumes a speci?c one of its tWo valid states 
When the drive signal is removed, or may be bistable 
Wherein the sWitch remains in it’s most recent valid state 
When the drive signal is removed. The sWitches of this 
invention may also be set Within ranges of positions in the 
region betWeen the valid states to provide continuously 
variable optical attenuators in an integrated photonic circuit. 

BACKGROUND OF THE INVENTION 

[0002] Fiber optics communication links are used in 
numerous applications and in particular are extensively 
utiliZed as the primary means of carrying telecommunica 
tions and internet traf?c betWeen, and increasingly Within, 
concentrations of users. These optical netWorks and their 
required management become increasingly sophisticated as 
their reach and capabilities increases. Of particular impor 
tance is a reliable, automatable means for setting and recon 
?guring the interconnections of these links at the optical 
level so the various optical streams may be properly routed. 
Although it is possible to achieve these functions by con 
verting the optical energy to electrical signals, routing the 
electrical signals, and converting back to optical, much 
higher performance can be achieved by directly steering the 
optical streams. This is referred to as “transparent” sWitch 
ing, since once the setting is con?gured, the optical signals 
folloW the set routing regardless of the nature of the infor 
mation they carry. The physical implementation of setting 
and recon?guring these transparent interconnections is a 
primary domain of optical sWitches. 

[0003] Current optical sWitching technology can be 
divided into tWo classi?cations. The ?rst and currently 
dominant approach is mechanical sWitching, Whereby the 
physical displacement of at least one element of the optical 
path Within the sWitch changes the coupling of the optical 
signals at one input port from one output port to another. 
Mechanical sWitches can provide highly efficient sWitching, 
With very little of the optical energy getting out of the 
channel (loW insertion loss) and extremely little optical 
energy leaking into unselected con?gurations (loW 
crosstalk). Mechanical sWitches hoWever tend to require 
rather bulky packaging to help isolate the optical paths from 
unWanted disturbances, and, being an assembly of mechani 
cal movements and bulk optical devices, are not integrable 
With the other Waveguide devices used in optical netWork 
management. Also, being an assembly With moving parts 
and requiring to maintain tolerances usually beloW 1 micron, 
mechanical sWitches elicit heightened concern for reliability 
issues. Recently, several approaches have been undertaken 
to miniaturiZe mechanical optical sWitches using the micro 
mechanical structures realiZable in MEMS technologies. 
This provides some promise for improvement of the basic 
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mechanical reliability and the potential to place more sWitch 
elements in a single package. HoWever, these are still just 
miniaturiZed versions of bulk sWitches and still have sig 
ni?cant lengths of optical path outside of Waveguides and 
hence require extra isolation from mechanical disturbances. 
Furthermore, While these approaches employ processes that 
can make multiple sWitches during a single process step, 
assembly constraints for interfacing ?ber to the free-space 
sWitch still limit the potential for mass production and there 
is no accommodation for integration With other Waveguide 
elements. 

[0004] The other class of optical sWitches are solid-state 
Whereby the optical paths are Wholly Within Waveguides and 
the distributions of refractive index are altered by a stimulus, 
typically a local application of heat or electric ?eld, to route 
the optical signals along selected branches of the optical 
path. Such sWitches are directly integrable With other 
Waveguide devices, and the production methods, including 
the necessary ?ber bonding, are better suited for mass 
production. Since there is no physical displacement of the 
alignment for the optical paths, the solid-state sWitches 
promise improved reliability over mechanical sWitches, par 
ticularly as evaluated over large populations of sWitches in 
real-World deployments. Also, since typical con?gurations 
of these types of sWitches can be continuously tuned from 
one sWitch-state to the other, they may also provide the 
function of a programmable optical attenuator, a function 
not readily realiZable in mechanical sWitches. These types of 
sWitches as standard components represent a less mature 
technology than standard mechanical sWitches. In order to 
optimiZe the desired sensitivity to the thermal or electric 
?eld stimulus, special materials must be used for the 
Waveguides that invariably do not provide lossless, polar 
iZation-insensitive transmission such as is obtained in high 
quality silica planar Waveguides. The constructed sWitches 
may be desirably integrated into complex photonic circuits, 
but do not typically as yet provide as loW insertion loss as 
mechanical sWitches and may not be capable of the crosstalk 
isolation that can be achieved in mechanical sWitches. 

SUMMARY OF THE INVENTION 

[0005] A hybrid class of optical sWitches is described 
Whereby mechanical displacements are employed to provide 
optical sWitching Within standard planar Waveguides. The 
Waveguides substantially de?ne the optical paths, While 
micro-mechanical structures in the substrate effect small 
displacements of certain Waveguide elements With respect to 
others to conduce sWitching of the How of optical signals 
through the device. The Waveguide motions are facilitated 
by fabricating portions of the Waveguide pattern upon 
micro-machined platforms, including tables, beams, and 
ribbons, in the silicon substrate. 

[0006] In one embodiment of the invention, the upper 
surface of such a platform in the natural or resting state (i.e. 
the state in Which the sWitch is found When no force is 
applied to move the platform) is coplanar With the upper 
surface of the remaining substrate. When properly actuated, 
such as by electromagnetic or electrostatic ?elds, the plat 
form rotates out of the plane of the substrate surface or 
de?ects above or beloW that plane. This can provide several 
microns change in the separation of Waveguide structures 
near the edge of the platform from Waveguide structures on 
the corresponding edge of the substrate or another platform. 
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There are at least tWo potential con?gurations. The ?rst 
con?guration has tWo coupled Waveguides, at least one of 
Which Waveguides is movable above or beloW the plane of 
the substrate. The Waveguide structures are designed such 
that When the platform and substrate are coplanar, light 
couples betWeen the Waveguide elements on the substrate 
and those on the platform across the edge of the platform. 
This coupling may be accomplished by resonant energy 
transfer betWeen guides running parallel along either side of 
the platform-substrate separation, or simply by continuation 
Within guides that are axially aligned across an optically 
small gap betWeen the platform and the substrate. When one 
(or both) of the Waveguides is moved vertically above or 
beloW the plane of the substrate, the Waveguides no longer 
couple. 

[0007] A second optical device utiliZes a Waveguide that 
has a cut through it, so that the Waveguide runs along or 
parallel to the surface of the substrate and onto and off of the 
platform. This device can also be con?gured in at least tWo 
Ways. In one con?guration using axially-continued cou 
pling, the Waveguides are not materially continuous across 
the edge of the platform, and independent displacement of 
the Waveguide on the platform can be realiZed With respect 
to the Waveguide on the substrate When the platform is 
de?ected. Any resulting gap can be kept small With respect 
to the Wavelength of the optical signal to minimiZe 
unWanted transitional losses. 

[0008] In other described con?gurations, no Waveguide 
discontinuities are necessary. The platform on Which a 
portion of the Waveguide is positioned is movable so that the 
discontinuity betWeen the portions of the Waveguide can be 
closed by moving the platform. The motions required to 
close the aXial gap may be as small as a feW microns and can 
be actuated by external forces such as can be generated by 
electric and/or magnetic forces. The motions may include a 
small in-plane component to control the siZe of the physical 
gap at the platform edge, but the primary sWitching motion 
is the out-of-plane component. 

[0009] The natural position of the moveable elements 
When no eXternal force is applied is coplanar With the 
substrate. The optical sWitch or attenuator Would typically 
be designed to be at a Well-de?ned state for this condition 
and hence provide stable operation in the absence of any 
applied eXternal force. Hence one may de?ne the “normal” 
state as being the condition Where the platform surface is 
coplanar With the substrate. Likewise, the “switched” state 
may be de?ned to be the condition Where the platform is 
suitably rotated or de?ected out of the plane of the substrate. 
It is additionally possible to make the sWitch bistable, for 
instance by placing a ferromagnetic element on the bottom 
of the platform and a permanent magnet near the position the 
ferromagnetic element achieves in the sWitched position. In 
this Way, When the sWitch de?ects to the sWitched position, 
the magnet can hold the sWitch in that position, and the 
driving force may be relaXed or removed. When the sWitch 
needs to return to its normal state, an opposing impulse may 
be applied to push it aWay from the magnet and back 
toWards the normal state. This bistable behavior is typically 
not available in non-mechanical types of Waveguide 
sWitches. 

[0010] In certain embodiments of this invention, the 
sWitching from one state to the other occurs continuously 
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Within the range of movement rather than abruptly Within 
the displacement. For instance, in the design depicted in 
[0016], movements of the platform much less than the small 
movement required for sWitching Will cause a continuous 
decrease in the portion of the optical signal in the cross state 
and a complementary continuous increase in the portion of 
the optical signal in the bar state. As such, by inducing 
movements Within the continuum betWeen the sWitched 
conditions it is possible to make a device that functions as 
a programmable optical attenuator. Since the torsion bar 
suspending the platform behaves as a spring, there is a 
monotonic increase in the driving force required for increas 
ing angles of de?ection. This permits variable attenuation to 
be achieved by applying a continuously-variable drive volt 
age to the sWitch actuators. In typical con?gurations, there 
may not be a linear correspondence of drive voltage to 
attenuation. Hence, achieving a speci?c level of attenuation 
requires a mathematical translation of drive voltage such as 
With an appropriate non-linear ampli?er, or preferably a 
digital lookup table. Alternatively, a feedback circuit from 
an output sensor to the drive signal may be used to stabiliZe 
the attenuator to a desired level in the optical-output poWer. 
The required motions are enabled by simple fabrication of 
small beam-suspended platforms in the underlying substrate 
of the planar lightWave circuit (PLC). Such platforms Would 
typically fall into one of three categories: tilt platforms; 
cantilevered beams; or suspended ribbons. In tilt-platforms, 
a Waveguide at the edge of the platform can be moved 
relative to a Waveguide on the corresponding edge of the 
substrate by simple rotation of the platform. Likewise for a 
cantilevered beam, ?eXing the beam produces the same type 
of motion for the Waveguide elements. Suspended ribbons 
can be elastically ?eXed and Waveguides upon these beams 
can be moved correspondingly. Each of these categories Will 
be discussed more fully beloW. A signi?cant property of all 
these structures is that the amount of the local displacement 
on the platform surface gradually vanishes toWard the 
attachment points that suspend the platform from the sub 
strate. This alloWs the Waveguides to be routed betWeen the 
substrate and the platform crossing these attachment points 
With no material gap in the Waveguide. When the beam is 
?eXed, or platform rotated, the Waveguide crossing the 
moveable part merely tWists a bit. 

[0011] Among other factors, this invention is based upon 
the technical ?ndings that planar Waveguide structures can 
be realiZed With substrates that are machined to provide 
platforms that can be de?ected out of the plane of the 
substrate, and furthermore Waveguide ?lms can be patterned 
such that Waveguides can be routed Without separation 
betWeen these platforms and the main body of the substrate 
by passing along the attachment features. De?ection of the 
platform can then induce relative displacements of 
Waveguide elements routed to or along the edge of the 
platform With respect to other Waveguide elements routed 
nearby to the corresponding edge of the main body of the 
substrate. This can be used to either suppress coupling 
betWeen Waveguides displaced along the boundary of a 
platform, or to open a discontinuity and induce re?ections of 
optical signals in Waveguides displaced across such a bound 
ary. Aproperly designed de?ection of the moveable structure 
can alternatively be used to direct a Waveguide on the 
moveable structure to change alignment from one 
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Waveguide on the substrate to another in a different 
Waveguide plane layered above or below the primary 
Waveguide plane. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] Key relationships of this invention to the ?eld and 
several representative embodiments thereof Will be readily 
understood by the subsequent detailed description including 
references to the accompanying drawings, Wherein like 
reference tags refer to equivalent structural members. Within 
the accompanying draWings: 

[0013] FIG. 1 shoWs the de?ections of a generic tilt 
platform. The center platform is shoWn With no net torque 
applied by the actuators and is hence coplanar With the 
original substrate. The tables on either side are de?ected to 
rotate out of the plane of the substrate as Would occur When 
electrostatic or electromagnetic torque is applied to the table 
structure. 

[0014] FIG. 2 is a sketch of generic cantilevered beams 
With no de?ection (center) and de?ected up (left) and doWn 
(right). 
[0015] FIG. 3 shoWs a pair of adjacent suspended ribbons 
With the left one de?ected doWn and the right one de?ected 
up. 

[0016] FIG. 4 schematically depicts a 2x2 optical sWitch 
or programmable attenuator of the present invention formed 
by creating a Waveguide directional coupler disposed along 
the edge of a tilt platform Wherein a rotation of the platform 
displaces one arm of the coupler aWay from the other to 
decrease or eliminate the coupling of optical signals betWeen 
the arms. 

[0017] FIG. 5 schematically depicts a 2x2 sWitch formed 
by a Waveguide crossing bisected by the edge of a cantile 
vered beam Wherein, When the beam is in the unde?ected 
position, optical signals cross the interface uninterrupted and 
continue on in their respective collinear Waveguides. When 
the beam is de?ected, a Waveguide-to-air interface is opened 
and optical signals Will undergo total-internal re?ection at 
each interface, sWitching the optical signals to the comple 
mentary state. 

[0018] FIG. 6 provides the same behavior as the device of 
FIG. 5 but on a tilt platform. Enhanced performance may be 
achieved for the unde?ected state by providing a lateral 
?eXing of the beam platform to eliminate the residual gap in 
the Waveguides at the platform edge, as Will be detailed 
more fully beloW. 

[0019] FIG. 7 shoWs the device of FIG. 6 along the 
central cross-section Whereby in progression the con?gura 
tion is shoWn With the actuator in an attractive condition 
(upper), a neutral condition (center) and ?nally a repulsive 
condition to close the residual gap (loWer). 

[0020] FIG. 8 is an embodiment of the type shoWn in FIG. 
6 for an ‘add-drop’ 2x2 sWitch. In this con?guration, there 
are no optical signals in any Waveguide on the platform 
When it is in the de?ected position. There is no static 
connection betWeen the Waveguides on the platform and the 
Waveguides on the substrate, hence no Waveguides need be 
routed over the support beam. This alloWs a more sophis 
ticated beam structure to further accommodate the lateral 
motion for closing the residual gap, a more detailed eXample 
being described beloW. 
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[0021] FIG. 9 shoWs an embodiment for a 1x2 sWitch 
Wherein the input Waveguide is routed onto a tilt platform 
and then couples into an output Waveguide across an inter 
face near an opposing corner of the platform. When the 
platform is rotated by a speci?c amount, the Waveguide on 
the platform becomes aligned to another output Waveguide 
Within a layer that is at a different level above the substrate 
than the original output Waveguide. 

[0022] FIG. 10 is a detail vieW of the coupling area of the 
device of FIG. 9 With the platform rotated aWay to eXpose 
a vieW of the output Waveguides. 

[0023] FIG. 11 is a 2x2 ‘add-drop’ optical sWitch based on 
the same mechanical con?guration as in FIG. 9. When the 
platform is untilted, the ‘add’ port couples to the output port 
While the input port couples to the ‘drop’ port. When the 
platform is tilted against the raised stop, the straight 
Waveguide on the platform loWers to form a connection 
betWeen the input and output ports While the add and drop 
ports are isolated. 

[0024] FIG. 12 shoWs a sWitch formed by a directional 
coupler Wherein the Waveguides in the coupling region are 
formed upon long elastic beams or ribbons. When a force is 
applied to the beams, such as might result from the appli 
cation of an electric or magnetic ?eld, one or both of the 
beams can be made to sag up or doWn, opening the gap and 
isolating the Waveguides. 

[0025] FIG. 13 shoWs a cut-aWay vieW of the beams and 
Waveguides of the device in FIG. 12 When the beams are 
de?ected in opposing directions. 

[0026] FIG. 14 shoWs a central cross-section of the device 
sketched in FIG. 12 With the beams de?ected in opposite 
directions to isolate the Waveguides and con?gure the sWitch 
for the ‘bar’ state. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0027] Several embodiments are discussed beloW and With 
reference to the attached draWings. These descriptions and 
draWings are for explanatory purposes and do not exhaus 
tively represent all combinations of Waveguide con?gura 
tions and mechanical assemblies provided by this invention. 
Those of ordinary skill in the art Will readily appreciate that 
many other variations could be derived originating from 
these descriptions and cited technical ?ndings Without fur 
ther invention. 

[0028] There are tWo primary components to this inven 
tion: Structures on the substrate that can be elastically 
de?ected out of the plane of the substrate; and Waveguides 
that can be routed neXt to and onto these structures. The 
moveable structures Will be referred to generically as plat 
forms and are meant to include tilt platforms, cantilevered 
beams, and suspended ribbons. There are many Ways to 
produce these platforms. The basic approaches are Well 
described in Silicon as a Mechanical Material (Petersen, 

1982). 
[0029] Tilt platforms are generically con?gured as 
depicted in FIG. 1. For the purposes of this ?gure, more of 
the substrate has been removed than Would be typical to 
provide for better visibility. In the application of this inven 
tion, the platform Would typically be a feW hundreds of 
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microns Wide and long enough to provide the necessary 
interaction length for the optical device. A torsion beam at 
both ends along the longitudinal centerline suspends the 
platform. The platform is rigid enough that When it is 
rotated, all the deformation occurs in the torsion beams and 
the platform remains planar. The platform can be basically 
formed for instance by anisotropic Wet etch from the back of 
the silicon substrate to form the body of the platform 101 
attached only to the substrate 100 along a thin ridge at either 
end of the platform. A second Wet-etch step can be used to 
further thin the supporting ridges to a speci?c thickness, 
typically a feW tens to a feW hundreds of microns, to form 
the torsion beams 102. Electrodes can be formed on the 
underside of the platform by metaliZing and etching a 
pattern to provide one half of an electrostatic or electromag 
netic actuator. The corresponding half of the actuator can be 
formed on a baseplate that can then be attached to the bottom 
of the device. The baseplate could be for instance another 
silicon Wafer on Which metal has been deposited and etched 
to form the actuator half then adhesively bonded to the 
primary substrate. The actuators are con?gured such that 
When energiZed, the attractive or repulsive force betWeen 
them creates an off-centered force betWeen the platform and 
the substrate Which is attached to the baseplate holding the 
bottom actuator. Since the primary compliance available to 
the structure is tWisting of the torsion beam, the platform 
responds primarily to the torque component of the actuator 
force and the platform rotates out of the plane of the 
substrate as in 111 and 121. 

[0030] In certain embodiments of this invention, a canti 
levered beam can provide essentially the same function as a 
tilt platform. Cantilevered beams are typically processed 
from the top rather than the back of the substrate and hence 
require more processing detail. The platform itself may be a 
layer on the surface of the silicon formed for instance by 
doping the substrate surface With Boron so that the doped 
region is not attacked by the etchant used to remove the bulk 
silicon and free the platform from the substrate. The plat 
form may also be one or more of various materials that can 

be applied as ?lms on top of the substrate, such as silicon 
nitride or silica, and may even be the ?lms in Which the 
Waveguides themselves are formed. Generic cantilevered 
beam platforms Without the Waveguides thereon are depicted 
in FIG. 2. For clarity more of the surrounding material is 
shoWn removed than Would likely be removed in an actual 
application. For application of this invention, the platform 
Would typically be a feW tens of microns Wide and long 
enough to provide a suf?cient coupling or interaction area 
for the desired Waveguide device. The platform layer or 
layers 201 are formed on the substrate 200 and the edges of 
What is to become the platform are etched open, such as by 
reactive-ion etching (RIE), to form holes 203. A deep, 
high-aspect-ratio etch of the Waveguide ?lms should be used 
to minimiZe the gap betWeen the platform and the substrate 
?lms so the trench is no more than a couple of microns Wide 
at the Waveguide layer. An isotropic Wet-etch is preferably 
used to etch aWay silicon from under the platform through 
the RIE-formed holes. The platform is released from the 
underlying substrate by this isotropic etch and enough space 
is opened underneath to alloW the desired de?ections. The 
isotropic etch also removes silicon under the surface of the 
substrate for a Width approximately equal to the Width of the 
platform, but since this overhang is supported on three sides, 
it remains rigid. This forms the basic cantilevered platform 
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202. A layer of metal can be patterned on the platform to 
provide a means for creating electrostatic or electromagnetic 
actuating forces betWeen the metal and substrate or a base 
plate. The platform may then be repelled and de?ected 
upWards 212, or it may be attracted and de?ected doWn 
Wards 222. The cantilevered beam is much thinner than the 
typical tilt platform and the beam may ?eX in response to a 
de?ecting force. As such the beam itself may deform in 
response to the actuator force. The attachment line joining 
the freestanding platform to the anchored region of the ?lm 
may be thinned or segmented by removing much of the 
substrate and layers along the line at Which the beam joins 
the remainder of the substrate as depicted in feature 506 of 
FIG. 5 to focus more of the deformation there, but the 
platform Will still boW When de?ected. This makes this 
con?guration better suited for embodiments that don’t 
require a particular alignment in the de?ected state, such as 
Will be described later in relation to FIG. 5. 

[0031] Suspended ribbons can be fabricated in much the 
same Way as cantilevered beams, but each platform is a long, 
thin beam suspended at each end, rather than being sup 
ported along a single edge as for a cantilevered beam. A 
ribbon is typically at least several millimeters long and no 
more than a feW tens of microns Wide. A structure compris 
ing a pair of ribbons is depicted in FIG. 3. Aribbon ?lm 301 
such as silicon-nitride is formed on the substrate 300 for 
instance by chemical-vapor deposition (CVD). A pattern 
de?ning the ribbons is etched through the ?lms, typically by 
RIE, eXposing the silicon substrate. The silicon is then 
isotropically Wet etched through the openings in the patterns 
and undercuts the ?lm to release the beams 303, 313. A 
co-aligned opening may then be etched from the back, either 
by dry etching or by Wet etch of the back surface only, to 
provide access to the underside of the ribbons for bulk 
actuators. Another Wafer 302 With integral electrodes placed 
so as to eXtend into the hole to Within a feW tens of microns 
of the bottom of the ribbons is then permanently bonded to 
the bottom of the device Wafer, for instance With thermal 
setting epoXy. The ribbons are suf?ciently long to respond to 
electrostatically-generated forces betWeen the ribbons and 
the loWer electrode by elastically sagging up or doWn, With 
the middle sections dropping or raising by up to several 
microns. 

[0032] The other primary component of this invention is 
the Waveguide structure. Most any technology for planar 
lightWave circuits could be employed, including silica, poly 
mer, silica/polymer hybrid, or even silicon ribs. Silica Would 
typically be preferred for its loW loss and high stability, and 
the silica processing complements the micro-machining. If 
very large de?ections are desired, the added ?exibility of 
polymer or hybrid Waveguides might be preferred, but silica 
can be remarkably ?eXible in the ?lms being considered, 
Which only have a total thickness of a feW tens of microns. 
Silica ?lms may be applied before or after the micro 
machining by any standard glass-deposition means, such as 
CVD. Polymer ?lms Would typically be applied only after 
Wards by any suitable method such as spin, dip, or melt 
coating. To provide a continuous surface if post-etch coating 
is required, the etched features can be back-?lled With a 
sacri?cial ?ller and planariZed. Then, after the post-etch 
?lms are produced, the sacri?cial ?ller can be eXposed and 
removed. This method is described in Binkley et al. US. Pat. 
No. 6,022,671: Method of making optical interconnects With 
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hybrid construction, Which is incorporated by reference in 
its entirety as if fully put forth herein. 

[0033] In the ?gures referenced by the following descrip 
tions, the details of the Waveguide and cladding ?lms are not 
fully illustrated to further aid in clarity. Only key edges of 
these ?lms are depicted. It is to be understood that Where a 
Waveguide channel is draWn, it is intended to represent the 
Waveguide channel embedded in its cladding. Although not 
typically desired, this is meant to include also con?gurations 
using only air as upper and possibly lateral cladding. 

[0034] An exemplary embodiment of this invention is 
represented in FIG. 4. This con?guration features fully 
continuous Waveguides and a basic tilt-platform. A thin-?lm 
Waveguide assembly 401, 402 including a directional cou 
pler is fabricated on a silicon Wafer 400 With one arm of the 
coupler routed on the substrate closely aligned to the loca 
tion of the edge of the tilt platform, and the other arm of the 
coupler routed along the same edge of the platform. Most 
standard Waveguide materials are suitable candidates, as 
long as the resulting ?lm assembly is ?exible enough to 
resiliently accommodate the intended mechanical motions. 
Typical Waveguide systems Would be deposited silica or 
spin-on optical polymers. After the Waveguide structures are 
manufactured, the platform 405 is formed in the substrate as 
described previously. Separation of the platform is com 
pleted by etching grooves through the Waveguide ?lms 
along the edges of the platform, but not over the torsion 
beams. This etching could be done for example by RIE. The 
gap 407 in the Waveguide ?lms along the edge of the 
platform coincident With the coupler Will typically need to 
be around 1 micron or less if the gap is to be run dry (i.e., 
an air gap). That gap may be up to several microns Wide 
Where it is continuously Wetted With a ?uid having an index 
of refraction approximating that of the optical cladding 
material. Only a feW degrees of rotation Will be required to 
operate the device, and the precise value of rotation angle is 
not critical. The ?uid should have a surface tension suitably 
similar to that of the Waveguide ?lm to maintain Wetting 
contact to the ?lm edges along the length of the gap. There 
are several commercially available index-matching oils and 
gels that Would make suitable candidates, depending on 
exact ?lm composition. For instance, Gelest, Inc. has several 
lines of silicone ?uids, in particular the “thermal silicone 
?uids” and “hydrophilic and polar silicone ?uids” that 
provide suitable ranges of viscosity and index-of-refraction 
for matching the properties needed to Wet the gap for silica 
Waveguide ?lms. 

[0035] Waveguide 402 is con?gured such that it is routed 
betWeen the substrate and the platform along the torsion 
beams suspending the platform. Because the torsion beam 
de?nes the rotation center for the platform, because the 
Waveguide ?lm is only several microns on top of the beam, 
and because only a feW degrees of rotation are required to 
effect sWitching, A Waveguide on top of the beam Will 
experience very little distortion When the platform is 
de?ected. The Waveguide can therefore be continuous 
betWeen the substrate and the platform. Any distortion of the 
Waveguide induced by the small tWist of the torsion beam 
should be Well Within its elastic limits. As long as the 
Waveguide is not highly birefringent to begin With, there 
should be no signi?cant impact on the Waveguides capability 
to transmit the optical signal Without additional attenuation, 
modulation, or polariZation-dependent loss (PDL) When part 
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of the Waveguide is tWisted or turned. When the platform is 
level With the substrate as in (a), optical signals couple from 
one Waveguide to the other and the sWitch is in the ‘cross’ 
state. When the platform is rotated a feW degrees as in (b), 
the gap betWeen the Waveguides increases signi?cantly, 
isolating the Waveguides from each other and setting the 
sWitch into the ‘bar’ state. This con?guration provides a 
unique set of properties combining the high-isolation 
sWitching of mechanical sWitches With the integrally aligned 
optical path and integration capacity of Waveguide sWitches. 
The same device can also be made using a cantilevered beam 
as the platform in place of the torsion-beam supported 
platform. 
[0036] Another embodiment according to the present 
invention is depicted in FIG. 5. Here crossing Waveguides 
502/512 and 503/513 intersect at a position on the boundary 
betWeen the main body of the substrate 500 and the platform 
505. The platform in this illustration is a cantilevered beam 
and is formed by the Waveguide ?lms 502 and a thin layer 
of silicon 501 that Was doped to resist etching. An extra gap 
506 is depicted etched along the attachment line of the 
platform to decrease the force needed to ?ex the beam. The 
platform is cut at an angle matching the Waveguides and 
tapered even nearer the Waveguides near the edge in order to 
minimiZe the contact line betWeen the platform and substrate 
to just the point required for the optical function. This easily 
decreases the susceptibility to processing defects adversely 
affecting the operation of the device. When the platform is 
unde?ected as in (a), the gap in the Waveguide ?lm betWeen 
the platform and the body of the substrate is not large 
compared to Wavelength of the light in the Waveguides (e.g. 
three microns or less for a light Wavelength of 1.55 micron). 
In this case, optical signals in the Waveguides cross the gap, 
connecting 502 With 512 and 503 With 513 and de?ning the 
‘cross’ state. When the beam is de?ected slightly, as in (b), 
the Waveguides intersecting the gap are exposed only to air 
and optical signals in the Waveguides experience total 
internal re?ection (TIR), connecting 502 With 513 and 503 
With 512 and de?ning the ‘bar’ state. A properly con?gured 
RIE procedure can etch the Waveguide ?lm With a suitably 
small gap and adequate sideWall verticality, but it typically 
requires signi?cant process development to match the tool 
and material system Well enough to achieve this. Further 
more, a thin ?lm of glass may be redeposited on the sides of 
the etched trench, for instance by CVD, to reduce the air gap 
even further. Alternatively, the critical sections of the gap 
may be etched With a focussed-ion beam (FIB) to get 
narroWer, more vertical trenches. The FIB method Would 
typically have reduced throughput as compared to RIE only. 

[0037] The device depicted in FIG. 6 is the same device 
as FIG. 5 using a tilt platform instead of the cantilevered 
beam. Here, a nib 608 is formed in the Waveguide ?lm along 
the active gap to again minimiZe the line of close contact to 
the length necessary for the optical function. As before, in 
the unde?ected state, Waveguides 602 and 612 are connected 
as are Waveguides 603 and 613 forming the ‘cross’ state. 
When platform 605 is rotated, Waveguides 602 and 613 are 
connected through TIR, as are Waveguides 603 and 612, 
forming the ‘bar’ state. As With the other structures, many of 
the standard types of actuators commonly used in MEMS 
devices can suitably be used to effect the sWitching move 
ments. Electrostatic actuators such as are described in 
Petersen are typically the easiest to realiZe. Integrated elec 
tromagnetic actuators such as are described in Ahn and Allen 










